Objectives: Ventilator-associated events are associated with increased mortality, prolonged mechanical ventilation, and longer ICU stay. Given strong national interest in improving ventilated patient care, the National Institute of Health and Agency for Healthcare Research and Quality funded a two-state collaborative to reduce ventilator-associated events. We describe the collaborative's impact on ventilator-associated event rates in 56 ICUs. Design: Longitudinal quasi-experimental study. Setting: Fifty-six ICUs at 38 hospitals in Maryland and Pennsylvania from October 2012 to March 2015. Interventions: We organized a multifaceted intervention to improve adherence with evidence-based practices, unit teamwork, and safety culture. Evidence-based interventions promoted by the collaborative included head-of-bed elevation, use of subglottic secretion drainage endotracheal tubes, oral care, chlorhexidine mouth care, and daily spontaneous awakening and breathing trials. Each unit established a multidisciplinary quality improvement team. We coached teams to establish comprehensive unit-based safety programs through monthly teleconferences. Data were collected on rounds using a common tool and entered into a Web-based portal. Measurements and Results: ICUs reported 69,417 ventilated patient-days of intervention compliance observations and 1,022 unit-months of ventilator-associated event data. Compliance with all evidence-based interventions improved over the course of the collaborative. The quarterly mean ventilator-associated event rate significantly decreased from 7.34 to 4.58 cases per 1,000 ventilator-days after 24 months of implementation (p = 0.007). During the same time period, infection-related ventilator-associated complication and possible and probable ventilator-associated pneumonia
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Nishi Rawat, MD 1, 2 ; Ting Yang, PhD, MHS 1, 2 ; Kisha J. Ali ; Sara E. Cosgrove, MD, MS 1, 4, 5 ; Michael Klompas, MD, MPH 6, 7 A pproximately 800,000 hospitalized patients undergo mechanical ventilation each year in the United States, representing 2.7 episodes per 1,000 hospitalizations. These patients are disproportionately older and chronically ill (1, 2) . They are at risk for multiple complications including pneumonia, pulmonary edema, atelectasis, and acute respiratory distress syndrome. In January 2013, the Centers for Disease Control and Prevention (CDC) released new surveillance definitions for these complications, termed ventilator-associated events (VAEs) (3) . VAEs are associated with prolonged mechanical ventilation, increased mortality, antimicrobial use, and ICU, and hospital lengths of stay (4) (5) (6) (7) .
Given its high morbidity and mortality, VAE has been proposed as a potential quality metric for public reporting and pay-for-performance. However, there is a paucity of data demonstrating that VAEs are preventable (4, (8) (9) (10) . The National Heart, Lung, and Blood Institute and the Agency for Healthcare Research and Quality therefore funded a two-state collaborative to reduce VAEs by improving unit teamwork and safety culture and enhancing compliance with evidence-based interventions.
METHODS

Collaborative Design
The collaborative was organized and led by the Johns Hopkins Armstrong Institute for Patient Safety and Quality in partnership with the Maryland Hospital Association and the Hospital and Healthsystem Association of Pennsylvania. All hospitals in Maryland and Pennsylvania with an adult ICU were invited to participate. ICUs were not compensated for participation. This was a pragmatic study; we did not conduct a power analysis. The Johns Hopkins University School of Medicine Institutional Review Board approved this quality improvement project.
The goals of the collaborative were to decrease VAEs by improving compliance with evidence-based interventions, unit teamwork, and patient safety culture. We describe the collaborative's results between October 2012 and March 2015.
Participating ICUs established multidisciplinary quality improvement teams, including one physician champion, nurse champion, respiratory therapist, and administrator to implement the multifaceted intervention. Each team identified a leader as the contact point for the collaborative organizers (state leads from each hospital association and Armstrong Institute researchers). ICU teams were encouraged to engage frontline providers in all aspects of the intervention and meet monthly to review progress, identify obstacles, and develop solutions.
Multifaceted Intervention
The multifaceted intervention included training and coaching to improve adherence with evidence-based practices for VAE reduction, implementation of the Comprehensive Unit-based Safety Program (CUSP), and measurement and feedback of performance. It began with a Delphi process to elicit clinicians' perceptions of the interventions that were most important to include in the prevention bundle. These clinicians did not participate in the collaborative. The structure and results of this process are reported elsewhere (11) . We then organized bimonthly followed by monthly training and coaching webinars to educate providers about the six interventions identified by the Delphi process: head-of-bed elevation (HOB), use of subglottic suctioning for endotracheal tubes (Sub-G ETTs), oral care (OC) six times per day, chlorhexidine mouth care (CHG) two times per day, performance of spontaneous awakening trials (SATs), and performance of spontaneous breathing trials (SBTs).
Teams were encouraged to follow the translating research into practice (TRiP) framework to improve compliance with these interventions (12): 1) identify an evidence-based intervention; 2) identify implementation barriers; 3) measure baseline performance; and 4) ensure all patients receive the intervention by engaging and educating stakeholders, focusing on the local care delivery system rather than individual providers, and reporting performance back to staff and senior leaders.
Teams were also trained to implement CUSP on their unit. CUSP is a five-step iterative program, validated to improve unit safety culture and teamwork (13) . Its adoption has led to improvements in previous ICU projects (14) . Team leaders provided feedback to collaborative organizers regarding progress during individual quarterly coaching calls. Formal assessments, targeting a spectrum of providers on each unit, were used to dynamically address barriers, celebrate successes, and address education gaps (15) . The application of TRiP combined with CUSP has been associated with decreased rates of hospital-acquired infections state-and country-wide (16) (17) (18) (19) .
A repository of the project materials was accessible to teams on a Web-based platform to support implementation. Materials included literature reviews for the evidence-based interventions, brief evidence summaries or "fact sheets" to help educate providers, the CUSP and TRiP toolkits, examples of protocols (e.g., SAT and SBT), and recorded project webinars.
Data Collection
Teams used a standard data collection tool developed by the project team to collect intervention data for all mechanically ventilated patients (Supplemental Fig. A.1 Digital Content 1, http://links.lww.com/CCM/C624). They were encouraged to collect performance data each day during multidisciplinary morning rounds to maximize provider input and data accuracy. These were then entered or uploaded into a Web-based portal weekly. Performance data collection started in October 2012.
VAE data were reported to the CDC National Healthcare Safety Network (NHSN) by infection preventionists. State leads extracted VAE data from NHSN and uploaded these into the data portal. VAE data collection started in January 2013 following the publication of the VAE definitions by the CDC.
Reports on intervention compliance and VAE rates over time with comparative rates from other ICUs were available on the data portal to teams and senior leaders. Teams were coached on effective ways to use these data to catalyze performance improvement.
Participating ICUs were asked to complete the annual Hospital Survey on Patient Safety Culture to evaluate teamwork and safety culture. Team leaders also provided feedback regarding team progress during quarterly implementation assessments. Formal assessments, targeting a spectrum of providers on each unit, were used to dynamically address barriers, celebrate successes, and address gaps in education. The results of these will be reported separately.
Intervention Exposure, Outcome Measures, and Hypotheses
The exposure of interest was time since intervention implementation. We divided the study period into an early intervention phase (October 2012 to March 2013) and late intervention phase (April 2013 to March 2015) and compared performance in the late phase to the early phase (Supplemental Table A .1, Supplemental Digital Content 1, http://links.lww.com/CCM/ C624). We divided the analysis in this fashion a priori to allow participants two quarters to learn how to use the data collection and reporting tools.
The primary outcomes were VAE, infection-related ventilator-associated complication (IVAC), and probable ventilator-associated pneumonia (PVAP) occurrence rates per 1,000 ventilator-days (Supplemental Table A .2, Supplemental Digital Content 1, http://links.lww.com/CCM/C624) (3). For the early and late intervention periods, compliance with each of the six evidence-based interventions was calculated as the proportion of opportunities for the intervention in which patients received the intervention (Supplemental Table A .3, Supplemental Digital Content 1, http://links.lww. com/CCM/C624). Our primary hypotheses were that VAE, IVAC, and PVAP rates would decrease with intervention implementation, and compliance with the evidence-based interventions would be higher in the late compared with the early intervention phase. Our secondary study hypothesis was that a higher composite measure compliance, defined as the percentage of ventilator-days during which there was compliance with the five interventions measured at patientday level (HOB, OC, CHG, SAT, and SBT), would be associated with decreased VAE rates.
Analysis
For the primary outcomes, we reported number of events, ventilator-days, and incidence rates for each event type. To explore the relationship between time since intervention and VAE, IVAC, PVAP rates, we used generalized linear mixed effects models with a log-link and Poisson variance for the quarterly number of events, including the log of ventilatordays as an offset term. We adjusted for state (binary), teaching status (binary), location (urban, suburban, and rural), hospital size (≤ 99, 100-499, and ≥ 500 beds), and ICU type (mixed, medical, surgical/trauma, and cardiac). Unit was included as a random intercept to account for the longitudinal nature of the data. We modeled the exposure of interest (quarter) as a continuous variable and estimated average intervention effects per quarter.
The first quarter of 2013 was excluded from the primary analysis of VAE rates because teams were establishing infrastructure to collect VAE rates using the definitions introduced in January 2013. We conducted the following sensitivity analyses: including the first quarter of 2013, including only ICUs with complete VAE data, using data submitted prior to September 2014, using negative binomial variance, and for missing data, carrying forward last known values and multiple imputation (with five datasets), respectively.
We reported individual and composite measure compliance for the early and late intervention periods and compared these compliance rates using mixed effects logistic regression models, adjusting for the aforementioned facility characteristics. The relationship between VAE, IVAC, and PVAP rates and the composite measure was investigated using similar regression models as described above, in which the centered compliance rate (times 10) was added as a predictor. We used statistical software R 3.2.2 (20) .
RESULTS
In Maryland and Pennsylvania, 56 ICUs from 38 hospitals joined the collaborative. The quarterly mean VAE rate significantly decreased from 7.34 cases per 1,000 ventilator-days during the first study quarter to 4.58 cases after 24 months of implementation (p = 0.007) ( Table 2 and Fig. 1) . During the same time period, IVAC and PVAP rates decreased from 3.15 to 1.56 cases per 1,000 ventilator-days (p = 0.018) and 1.41 to 0.31 cases per 1,000 ventilatordays (p = 0.012), respectively.
Regression models demonstrated a statistically significant decrease in VAE rates over time, with an average 6% (95% CI, 2-9%; p = 0.002) quarterly decrease in the incidence rate ( Table 3) . IVAC and PVAP rates demonstrated average quarterly decreases of 11% (95% CI, 6-16%; p < 0.001) and 17% (95% CI, 7-25%; p < 0.001), respectively. Sensitivity analyses, including the first quarter of VAE data, complete data, using data submitted prior to September 2014, using negative binomial variance, carrying forward last known values, and multiple imputation (Supplemental Tables A.4-A.9, Supplemental Digital Content 1, http://links.lww.com/CCM/C624), were consistent with the primary analysis.
Of 56 participating ICUs, 51 submitted compliance intervention data between October 2012 and March 2015, supplying 796 unit-months and 69,417 ventilator-days. Of 51 participating units, 50 and 47 units contributed compliance data to the early phase (two quarters) and the late phase (eight quarters), respectively, and 46 contributed compliance data to both time periods (Table 4) . Data were reported for 75 unitquarters (75%) in the early phase and for 226 unit-quarters (60%) in the late phase.
Compliance with each of the six interventions significantly increased from early to late phase ( 
DISCUSSION
In this collaborative study, a multifaceted intervention was associated with improved compliance with six key interventions for ventilated patients and significantly lower VAE, IVAC, and PVAP rates. There was a significant inverse correlation between VAE rates and a composite measure of HOB, OC, CHG, SAT, and SBT. Our study is the largest to date affirming that best practices for ventilated patients can prevent VAEs. The preventability of VAE and its clinical applicability have been questioned since the CDC published definitions for ventilator-associated complications (22, 23) . This study supports and adds to the nascent literature on VAE prevention strategies (4, 8, 21) . Muscedere et al (4) demonstrated that increased concordance with their bundle was associated with decreases in ventilator-associated complications and ventilator-associated pneumonia (VAP), and that increased compliance with SAT and SBT was associated with trends toward decreasing ventilator-associated condition. The Wake Up and Breathe collaborative demonstrated that coordinated SAT and SBT prevented VAE (21) . And, Mekontso et al (8) showed that a fluid restrictive strategy could prevent VAC. Our study builds upon this literature and demonstrates that VAE is preventable in a large, diverse cohort of ICUs.
Although care bundle implementation has been associated with improved outcomes, there are no published standards for bundle development. There is debate regarding bundles targeting mechanically ventilated patients (9) . Current bundles vary widely with respect to care practices and development approaches. Our collaborative builds on prior work to advance the science of bundle development. This entailed a structured approach to distill numerous expert judgments regarding the interventions that were most important and feasible to implement (11) . Our intervention bundle targeted VAP prevention because the evidence base for VAE prevention was immature at the time our study began. Our ventilator bundle aligns with the Society for Healthcare Epidemiology of America's recommendations to prevent VAP (24) .
It has been suggested that VAE and VAP are different complications and VAP prevention bundles cannot simply be applied to target VAE (9, 25) . We agree that decreasing VAE entails decreasing duration of mechanical ventilation and targeting primary conditions associated with VAE. Our intervention may have been successful because it targeted VAP, one of the most common causes of VAE (7, 26, 27) , and because some of our key interventions, such as SATs and SBTs, can prevent multiple complications of mechanical ventilation (21) . We continue to modify our ventilator bundle based on emerging evidence (28) . Early mobility and low tidal volume interventions are promising candidates to add to ventilator bundles. A recent meta-analysis, by contrast, suggests that CHG may not prevent VAP in noncardiac patients (29) . Further interventions to consider for future bundles include conservative fluid and transfusion strategies (9) .
Determining which components of our multifaceted intervention led to its success is challenging; however, the differential improvement rates in bundle components offer some clues. HOB compliance remained high and Sub-G ETT compliance remained low throughout the collaborative, so these were unlikely significantly impactful. By default, then, we suspect OC, CHG, SAT, and SBT had the most impact. Additional analyses are underway to evaluate the relative importance of each intervention in the bundle on VAE rates.
It is possible that units' participation in such a collaborative is associated with a reduction in VAE outcomes, beyond the effect of the improvement in bundle compliance due to the multifaceted nature of the collaborative. A second potential factor driving success was providing teams with a common surveillance system, including standard definitions for interventions, data collection tools, and a Web-based portal with real-time access to performance reports. These tools were provided to providers in the context of a clinical community to foster peer learning, an important attribute of collaborative projects (30) . Additional work is necessary to validate the interventions and measurement definitions, but this collaborative took the first step to establish definitions for use in diverse setting outside of research, without sophisticated technology or monetary resources. Prior to this collaborative, many patients were not receiving recommended interventions, despite published guidelines, because the field lacked practical definitions and a feasible measurement infrastructure (24) . This hampered efforts to translate evidence into practice. Standard measures, along with scalable processes to collect and report performance data, are mechanisms to reduce preventable harm (31).
The final key collaborative component was pairing a clinical bundle with a practice behavior and culture change intervention (31) . To implement the bundle, teams used a change model (Translating Research into Practice [TRIP]). TriP's emphasis on the maintenance of local teams centralizes the technical work and ensures that those delivering care assume ownership of implementation. Executive engagement creates visibility and fosters support for the project. TRiP facilitates intervention execution by reducing complexity and providing tools to standardize care. It also encourages robust data collection and feedback to track performance and motivate performance.
To improve safety culture, communication, and teamwork, teams implemented CUSP. Establishing and sustaining a safety culture is a national public health priority (32). Multipronged programs like CUSP that promote executive engagement, multidisciplinary rounds, and use of communication tools, improve staff perceptions of safety and teamwork, along with care processes and outcomes (33) (34) (35) . The implementation of other bundles, combined with TRiP and CUSP, have resulted in improvement in healthcare-associated infections, including central line-associated bloodstream infections and VAP (16) (17) (18) (19) . We are in the midst of evaluating the association of teamwork and safety culture, intervention performance, and VAE rates.
Our study has limitations. First, we did not use a randomized study design nor a concurrent control group. It is possible that VAE decreases were unrelated to our intervention; our results may be influenced by temporal trends or other interventions. Second, we were not able to compare participating ICUs with nonparticipating ICUs, which may have introduced an inclusion bias. Third, validating intervention compliance and VAE data was beyond the scope of this collaborative. Teams may have been motivated to demonstrate improvement and biased results. To minimize this, we standardized data collection techniques and sources and used the existing infrastructure of infection preventionists who routinely collect and report VAE data to NHSN. Fourth, we could not evaluate VAE rates pre-and postintervention. There was no preintervention period because CDC first released VAE definitions in January 2013, and hospitals were not formally collecting these data previously. Fifth, there were missing data that could have biased our results; however, multiple sensitivity analyses (including the first quarter of VAE data, complete data, using data submitted prior to September 2014, using negative binomial variance, carrying forward last known values and multiple imputation) demonstrated consistent results. Fifth, we report VAE rates per 1,000 ventilator-days, not episodes, according to the NHSN definition. Interventions that decrease ventilator-days may paradoxically increase VAE rates and underestimate the impact of the intervention on VAE outcomes (9, 21) . Finally, we were unable to evaluate duration of mechanical ventilation, ICU, and hospital length of stay, or mortality, though other studies have demonstrated improvements in some of these outcomes (8, 21) . We did not collect patient identifiers and were unable to reliably estimate total number of patients to calculate duration of mechanical ventilation per patient. In addition, the majority of hospitals lacked the infrastructure to collect these data and did not receive financial support to participate.
CONCLUSION
We implemented a collaborative that involved a multifaceted intervention across a large and diverse cohort of ICUs in Maryland and Pennsylvania that led to significant decreases in VAE rates. The six technical interventions, or bundle of evidence-based practices, were executed using models designed to change care practices and improve safety culture.
